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Research Report
Altered hippocampal myelinated fiber integrity in a lithium-pilocarpine model of temporal lobe epilepsy: A histopathological and stereological investigation Temporal lobe epilepsy (TLE) is the most common form of focal epilepsy and is especially refractory to drug treatment in adults (Engel, 1996) . Although epilepsy is historically considered to be a gray matter disease with hippocampal sclerosis that consists of gliosis and neuronal loss, the major associated pathology of TLE, recent diffusion tensor imaging (DTI)
Fig. 1 -Stereological methods. (A)
The number of points hitting the hippocampal formation, the myelinated fibers, and the myelin sheath were counted, respectively. (B) Principle of unbiased counting frame: all myelinated fiber profiles inside the counting frame, provided they do not touch or intersect the full-drawn lines, were considered for counting. ★ indicates the myelinated fibers counted. In this illustrated photograph, the number of counted profiles ¼ 20. (C) All myelinated fiber profiles completely inside the counting frame or partly inside it but not touching or intersecting the full-drawn lines were used for diameter measurement. Upper: The diameters of the myelinated fibers (d(mf)) sampled with the unbiased counting frame were estimated by measuring the myelinated fiber profile diameter perpendicular to the longest axis of the myelinated fiber (L1). Lower: The axonal diameter (d(a)) was estimated by measuring the axonal profile diameter perpendicular to the longest axis of the axon (L2). (D) A grid of parallel two-dimensional lines were overlaid randomly on the captured photograph. All myelinated fiber profiles completely inside the counting frame or partly inside it but not touching or intersecting the fullydrawn lines were sampled. (E) The number of intersections between the profile boundary and the test parallel lines, I, was counted (in this illustrated figure, there are 14 intersections between the profile boundary and the test lines). The orthogonal myelin sheath thickness, t, for each myelinated fiber was estimated as an average of four measurements of four points described as follows. The points of intersection were numbered consecutively, the first point was chosen randomly in the first I/4 interval, the second point was I/4+point 1, the third point was I/4+point 2, and the fourth point was I/4+point 3. In this illustrated figure, the shortest distances from the inner boundary to the outer boundary at four positions were measured, which are indicated by t1, t2, t3, and t4. The mean thickness of the myelin sheath equals the mean value of t1, t2, t3, and t4. (In the given example, I¼ 14, so the first position should be chosen at random from numbers 1-3. In this illustrated figure, intersection 2 was randomly chosen as the first position. The second position was I/4+position 1 (intersection 5). The third position was I/4+position 2 (intersection 8), and the fourth position was I/4+position 3 (intersection 11).) Eight rats were used for the control group and seven were used for the pilo group.
studies have shown that white matter structures, primarily myelinated fibers, are affected in patients with epilepsies, even at sites distant from the primary epileptogenic zone (Gross et al., 2006; Nilsson et al., 2008; Schoene-Bake et al., 2009) . It has also been reported that epileptic seizures, the typical manifestation of epilepsy, occur in demyelinating diseases of the central nervous system (CNS), such as multiple sclerosis (Anderson and Rodriguez, 2011) , and such seizures have additionally been observed in different mutant mouse and rat models of myelin disease (Bloom et al., 2002; Griffiths, 1996; Seyfried et al., 1986) . These findings support an association between myelinated fiber damage and epilepsy. It is generally accepted that central myelinated fibers are critical for communication between neurons and that epileptic seizures are the result of instantaneous excessive and/or synchronous electrical activity of the neuronal network (Fisher et al., 2005) . The action potential in vertebrate myelinated axons is followed by a depolarizing after-potential, in which amplitude, frequency, and duration are influenced by the strength and length of the myelin sheath and axon (David et al., 1995) . An intact architecture and normal function of myelinated nerve fibers are required for the highly ordered communication system in the brain. However, little is known regarding the effect of TLE on myelinated fibers inside the hippocampus, the primary site of TLE pathology. Abnormal DTI results, primarily mean diffusivity and fractional anisotropy, have been found in the hippocampus of TLE patients, but the relative contribution of neurons, glial cells, and myelinated fibers to these abnormalities has yet to be determined (Assaf et al., 2003; Salmenpera et al., 2006; Thivard et al., 2005) .
Unbiased stereological analysis is optimal for quantitatively investigating the total volume, length, diameter, and circumference of myelinated fibers in the white matter, cortex, and hippocampus, since this technique does not rely on assumptions regarding the shapes, sizes, spatial orientation, or spatial distribution of myelinated fibers that are examined Qiu et al., 2012; Zhang et al., 2009) . In this study, we used this approach for studying the lithium-pilocarpine (pilo) model of TLE in rats, which is one of the most commonly used experimental models of epilepsy and reproduces most of the clinical and neuropathological features of human TLE (Ben-Ari et al., 1981; Pitkänen et al., 2006; Turski et al., 1983) . Morphological changes and pathological features of myelinated fibers, including changes of volume, diameter, length, and myelin sheath thickness, following induced epilepsy were detected by histopathological and unbiased stereological analysis of this animal model.
Results

Epilepsy induction and description of animal subjects used in this study
Twenty hours after lithium chloride (LiCl) treatment, administration of pilocarpine rapidly induced robust convulsive SE in 40 rats (latency: 2075 min), which was interrupted after 90 min by treatment with the anticonvulsant diazepam. Rats that did not display SE (n ¼18), or that died as a result of SE (n ¼15), were excluded from subsequent analyses. Following diazepam interruption of SE, 25 animals continued to experience occasional, self-limiting generalized seizures (less than 1 min duration) for 2-3 days, then entered into a latency state in which they exhibited normal behavior and activity.
To detect subsequent spontaneous seizures, EEG monitoring was done visually on the computer screen and video recorded. Videos were replayed, and seizures were confirmed by trained observers ( Fig. 2A and B , Goffin et al., 2007) . Initial spontaneous seizures occurred 1574 days after SE in 23 of the 25 rats (92%). Two rats did not display any spontaneous seizures for the total length of observation (80 days) and were excluded from further analyses. Spontaneous seizures tended to occur in clusters with a peak in frequency every 5-10 days, similar to that described by others (Curia et al., 2008; Goffin et al., 2007, Fig. 2C) , with a duration of 45710 s for each seizure.
Histological and molecular changes from epilepsy induction
Pathological analysis with Gallyas staining revealed profound degeneration of myelinated fibers in the hippocampus of pilotreated rats (Fig. 3A) . As myelin basic protein (MBP) is one of the major proteins that constitutes compact myelin, immunoreactivity and western blot experiments were used to detect MBP expression and demonstrate myelin sheath damage. Like the Gallyas staining results, MBP immunoreactivity was reduced in the hippocampus including the CA1, CA3, and DG fields (Fig. 3B) . Consistent with this immunohistochemical finding, western blot analysis showed that the expression of hippocampal MBP was significantly decreased after epilepsy induction (t¼ 15.22, po0.01, Fig. 3C ). n po0.01 versus control subjects; eight rats per group. Fig. 4 -Electron microscopy reveals the ultrastructure of myelinated fibers in the hippocampus of control and pilo-treated rats. The left panel shows that the myelinated fibers are normal with plasma membrane rings of regular heights and dense structure in the hippocampus of a control rat. The right panel shows that myelin sheaths are damaged in the hippocampus of a pilo-treated rat. Arrows point to disrupted myelin sheaths with stratification, collapse, and disruption accompanied by disordered arrangement.
2.3.
Ultrastructural change of myelinated fibers
To analyze morphological changes of myelinated fibers at the ultrastructural level, transmission electron microscopy was used to examine fibers of the Schaffer collateral pathway, which project from hippocampal region CA3 to CA1, to ensure that the same region was sampled in both control and pilotreated rats. While myelinated nerve fibers in control rats were normal, with plasma membrane rings of regular heights and dense structure, the fibers in pilo-treated rats showed stratification, collapse and disruption, as well as a disordered arrangement (Fig. 4) .
Stereological analysis
Nearly all TEM-associated measurements by the stereological method indicated myelin fiber damage in the hippocampus as a result of induced epilepsy ( Table 1 ). The total volume of hippocampal formation in the pilo group was significantly less (20.43%) compared to that of the control group (t¼ 11.46, po0.01).
Severe ventriculomegaly with decreased hippocampal volume was evident in pilo group brain slices ( Fig. 5A and B), indicating hippocampal atrophy. Total volumes of myelinated fibers and myelin sheaths in hippocampal formation of pilo group rats were decreased by 49.16% (t¼4.03, po0.01, Fig. 6A ) and 52.60% (t¼ 4.10, po0.01, Fig. 6B ), respectively, as compared to those of control group rats, indicating that decreased myelinated fiber volume is a contributing factor to decreased hippocampal total volume from epilepsy induction. The total length of myelinated fibers in hippocampal formation of pilo group rats was also significantly decreased (56.92%) compared to that of control group animals (t¼ 5.29, po0.01, Fig. 6C ), as was the thickness of myelin sheaths (t¼ 3.67, po0.01, Fig. 6D ). Absolute distributions of myelinated fiber lengths in hippocampal formations (Fig. 7A) show that decreases in length in the pilo group are mainly due to a marked reduction of myelinated fibers with diameters of 0.4-0.8 μm. Because myelin thickness depends on the axonal diameter and thus is not uniform, we further examined the thickness of myelin sheaths for different axonal diameters. This analysis showed that the myelin thickness of axons with smaller diameters (0.1-0.8 mm) was significantly less in the hippocampus of pilo rats compared to that of control rats (Fig. 7B) .
In contrast to decreases observed in association with all other pilo group measurements, the mean diameters of myelinated fibers and axons in hippocampal formation were significantly greater in the pilo group compared to the control group (t¼3.75, 11.60, po0.01, respectively: Supplemental Fig. S1A and B). n V(HF), the total volume of the hippocampus; V(mf, HF), the total volume of myelinated fibers of the hippocampus; V(ms, HF), the total volume of myelin sheaths of the hippocampus; D(mf), the mean diameter of myelinated fibers of the hippocampus; D(a), the mean diameter of axons of the hippocampus; t(mf), the mean thickness of myelinated fibers of the hippocampus and L(mf, HF), the total length of myelinated fibers of the hippocampus. Myelinated fiber integrity in hippocampal formation of pilo-treated rats TLE is the most common localization-related epilepsy syndrome and is often unresponsive to treatment. Previous research into the underlying pathology of TLE has been confined to neuronal loss and gliosis, referred to as hippocampal sclerosis. Not until the use of diffusion-weighted magnetic resonance imaging (MRI) techniques, especially DTI, has it become apparent that myelinated fibers in white matter structures are also affected in TLE patients (Gross, 2011 ). In the current study, using a rat model of TLE, we found that myelinated fibers in the hippocampus were reduced in the pilo group, as indicated by Gallyas staining and MBP immunoreactivity. MBP expression, as indicated by western blot results, was also decreased in pilo rats, supporting the results of a previous study (You et al., 2011) and indicating that demyelination occurs in the hippocampus following epilepsy induction. The total volume of myelinated fibers was less in the hippocampus of the pilo group compared to that of the control group. (B) The total volume of myelin sheaths in hippocampal formation was significantly less in pilo-treated rats. (C) The total length of myelinated fibers in the hippocampus of the pilo group was significantly less than that of the control group. (D) The mean thickness of myelin sheaths was significantly less in the hippocampus of pilo-treated rats compared to that of control rats. n indicates po0.01. Seven animals from the pilo group and eight animals from the control group were evaluated. Fig. 7 -Absolute distribution of the total length of the myelinated fibers and the mean thickness of myelin sheath for axons with different diameters in hippocampal formation. (A) The decrease in total length of the myelinated fibers in the hippocampus of pilo-treated rats was mainly due to the decrease of the myelinated fibers with diameters from 0.4 to 0.8 μm.
(B) The myelin thickness for axons with smaller diameters was decreased (0.1-0.2 μm, 0.2-0.3 μm, 0.3-0.4 μm, 0.4-0.5 μm, 0.6-0.7 μm, and 0.7-0.8 μm, respectively) in the hippocampus of the pilo group, compared to that of the control group. n indicates po0.05; nn indicates po0.01. Seven animals from the pilo group and eight animals from the control group were evaluated.
In the present study, we quantitatively investigated myelinated fibers in a rat model of TLE, including the volumes of myelinated fibers and myelin sheaths, mean diameters of myelinated fibers and axons, total length of myelinated fibers, and mean thickness of myelin sheaths, using unbiased stereological techniques. As myelinated fibers are not randomly arranged in the hippocampus, they must be given an equal probability of being sampled in three-dimensional space, which was the approach used in the present study. In our study, systematic, uniform, and random sampling was performed in the entire hippocampus so that all sections of myelinated fibers had an equal probability of being sampled (Nyengaard and Gundersen, 1992) . Our results have shown that the total hippocampal volume was less in rats with induced epilepsy. It is well known that hippocampal atrophy is one of the features of human TLE (Bernasconi et al., 2003; Cendes et al., 1993; Cook et al., 1992) . However, not all experimental TLE models can exhibit hippocampal atrophy (Inostroza et al., 2011) . By the Sprague-Dawley rat lithiumpilocarpine model of TLE, we showed that hippocampal atrophy happened, which was consistent with a previous study using a rat model and in human epilepsy. Furthermore, we showed for the first time that the volumes of myelinated fibers as well as myelin sheaths in hippocampal formation were also less in rats with induced epilepsy. These results indicate that, aside from the contribution of neuronal loss found in a previous study, the decreased volume of myelinated fibers (as one of the components of hippocampal formation) may be another cause of the decreased total hippocampal volume in an animal model of TLE induced by the administration of pilocarpine. Additionally, our results showed that the mean diameters of myelinated fibers and axons in the hippocampus were greater in rats with induced epilepsy.
In the animal model we used here, the total length of myelinated fibers in hippocampal formation was significantly less in the pilo treatment group, especially myelinated nerve fibers with diameters from 0.4 to 0.8 μm, suggesting that smaller fibers are more susceptible to injury in epilepsy. Lastly, we examined the thickness of myelin sheaths for different axonal diameters. The results showed that the myelin thickness for hippocampal axons with smaller diameters was significantly decreased (0.1-0.8 μm) in association with pilo treatment, suggesting that thinner myelinated fibers are more susceptible to epilepsy-associated demyelination. It is important to note that the marked decrease of myelinated fibers with smaller diameters may be responsible for the increase in the mean diameter of the myelinated fibers and axons in the epilepsy-induced group of animal subjects. Since smaller myelinated fibers were destroyed and no longer counted as myelinated fibers, the total amount of fibers was decreased and the mean diameter values for myelinated fibers and axons were increased.
3.2.
The possible mechanism for integrity change of myelinated fibers in the hippocampus of pilo-treated rats The mechanism(s) responsible for damage to myelinated fibers in the current study have yet to be determined. Others have reported greater amounts of anti-MBP antibody in the serum of pentylenetetrazol (PTZ) treated rats as well as disruption of the blood-brain barrier (BBB) (You et al., 2011) . Anti-MBP antibodies may, therefore, gain improved access to the brain, thereby contributing to an autoimmune response. Aside from the autoimmune abnormalities, several additional mechanisms could be contributing to demyelinationassociated epilepsy, one of which may involve oligodendrocyte damage from oxidative stress, excitotoxin, and inflammation, as it is well-established that these factors contribute to epilepsy-associated neuron damage (Aguiar et al., 2012; O'Dell et al., 2012; Vezzani and Granata, 2005) . Previous studies have shown that oligodendrocytes and their myelin sheaths are more susceptible to damage than other cellular components of the nervous system (Bradl and Lassmann, 2010) , especially to oxidative damage, since these cells exhibit a high metabolic rate, express low levels of the antioxidant glutathione, and produce toxic hydrogen peroxide (Juurlink, 1997; Thorburne and Juurlink, 1996) .
Oligodendrocytes also express biomolecules that render them susceptible to excitotoxic cell death (Matute et al., 1997; McDonald et al., 1998) . Their expression of α-amino-3-hydroxy-5-methyl-4-isoxa-zolep-propionic acid (AMPA) (Tanaka et al., 2000) , kainite (Sánchez-Gómez and Matute, 1999) , and N-methyl-D-aspartate (NMDA) receptors (Káradóttir et al., 2005 ) make them vulnerable to glutamate toxicity, whereas expression of the ATP receptor P2 Â 7 predisposes oligodendrocytes to the damaging action of extracellular ATP . Oligodendrocytes can also be damaged as a result of exposure to inflammatory cytokines, such as tumor necrosis factor α (TNFα), which promotes oligodendrocyte cell death by binding to the TNF receptor p55 (Jurewicz et al., 2005) . Inflammatory mediators may additionally damage oligodendrocytes, indirectly, through stimulation of microglia and astrocytes by glutamate dysregulation (Domercq et al., 2007; Takahashi et al., 2003) . In total, there are many potential mechanisms that may directly contribute to epilepsy-associated oligodendrocyte damage, which, in turn, would contribute to myelinated fiber demyelination.
Myelin sheath damage might also occur indirectly from neuronal loss or death. It is well known that hippocampal sclerosis is the predominant feature of TLE and that neuronal degeneration is a hallmark of TLE. Neurons are lost preferentially in hippocampal regions CA1 and CA3, as well as the hilus (CA4), whereas CA2 and the dentate nucleus seem to be spared, as indicated by resected human tissue analysis (Bae et al., 2010; de Lanerolle et al., 2003) and from the examination of animal models (Sharma et al., 2007) . Once neurons begin to degenerate, the loss of pro-survival signals may affect oligodendrocytes by promoting programmed cell death, as has been shown in vitro and during normal development in vivo (Barres et al., 1993; Fernandez et al., 2000) . Thus, oligodendrocyte injury may occur secondary to the loss of neuron-associated survival support. The mechanisms for demyelination and degeneration reported in the present study point to important future avenues of investigation.
The basis for preferential epilepsy-induced hippocampal loss and demyelination of thinner fibers in the present study are similarly unclear at this time. Previous findings have shown that oligodendrocyte axonal myelination is quite uniform with respect to the diameter and the number of myelin lamellae per axon and that and that the more fibers an oligodendrocytes myelinates, the smaller the diameter each fibers has (Bjartmar et al., 1994) . In principle, therefore, oligodendrocyte damage could affect more small fibers. In addition, it has been reported that oligodendrocyte NMDA receptors are likely to damage these cells under pathological conditions. The oligodendrocytes that myelinate smaller diameter fibers have a smaller intracellular volume; and receptor-mediated ion influx may produce a larger intracellular concentration rise and osmotic water flux, which could disrupt myelination (Káradóttir et al., 2005) . Other possibilities include the loss of collaterals thinner than the main axon or that neuron axonal rebuilding and strengthening comes at the expense of thinner fibers, leaving only the thicker fibers (Marner et al., 2003) .
3.3.
Change of myelinated fibers: a cause or consequence of epilepsy Central myelinated fibers are critical for communication between neurons. In vertebrates, the action potential of myelinated axons is followed by a depolarizing after-potential, with the amplitude and time course influenced by passive properties of the axon and myelin sheath (David et al., 1995) . Therefore, intact architecture and normal function of myelinated nerve fibers are required for the highly ordered communication system in the brain. Epileptic seizures are a result of instant excessive or synchronous electrical activity of the neuronal network (Fisher et al., 2005) . The rate of depolarization of each neuron is influenced by many factors, including the strength and length of axonal excitatory and inhibitory connections in the network and the distance to the firing threshold (McCormick and Contreras, 2001) . The integrity change of myelinated fibers in the hippocampus after epilepsy may contribute to abnormal network activity, such as excessive synchronization due to conductivity dysfunction. These possibilities, in turn, suggest that effectively reducing damage to myelinated fibers, after the onset of epilepsy, may be helpful in the management of this neurological condition.
Further work is needed to address the following: (1) the mechanisms of hippocampal myelinated fiber damage in epilepsy; (2) whether myelinated fiber damage occurs in other types of experimental models of epilepsy; (3) temporal aspects of TLE damage; and (4) whether the lithiumpilocarpine rat model of temporal lobe epilepsy reproduces key clinical and neuropathological features of TLE in patients. With respect to the latter concern, previous research has confirmed that DTI abnormalities occur in the hippocampus of TLE patients (Assaf et al., 2003; Salmenpera et al., 2006; Thivard et al., 2005) , and it is important to determine whether myelinated fiber damage contributes to this imaging characteristic.
In summary, we have demonstrated for the first time that the integrity of hippocampal myelinated fibers is negatively affected by inducing epileptic seizures with pilocarpine, which may contribute to the abnormal propagation of epileptic discharge.
4.
Experimental procedures
Animals
Eighty-two adult male Sprague-Dawley rats (220-300 g, Experimental Animal Center, Chongqing Medical University, Chongqing, China) were randomly assigned to two groups (n¼ 58 in the pilo group and n¼ 24 in the control group). Animals were housed at a temperature of 22-24 1C, a relative humidity of 50-60%, and a 12 h light/dark cycle with ad libitum access to water and food. All protocols for animal experiments were approved by the Administrative Panel on Laboratory Animal Care of Chongqing Medical University.
Preparation of epilepsy model and video-EEG monitoring
Rats were first anesthetized by sodium pentobarbital (60 mg/ kg)-chloral hydrate (100 mg/kg, i.p.) and then placed in a stereotactic frame. A pair of insulated stainless steel electrodes was inserted into the skull bilaterally over the parietal cortex, and a ground lead was positioned over the nasal sinus. Afterwards, rats recovered for 2 d followed by continuous cortical electroencephalography (EEG) monitoring. All cortical EEG recordings and video data were visually screened, and seizures were determined by trained human observers.
For preparation of the epileptic animal model, rats were subjected to status epilepticus (SE) 1 week after EEG recording and induced by intraperitoneal injection (i.p.) of pilocarpine (pilo, 50 mg/kg, Sigma) 20 h following injection of lithium (127 mg/kg, i.p., solarbio, Beijing, China). Methyl-scopolamine was administered subcutaneously (1 mg/kg) 30 min prior to pilo to reduce peripheral effects. All animals received a single dose of diazepam (10 mg/kg, i.p.) 90 min after SE onset (Müller et al., 2009) . For the control group, rats received methylscopolamine, lithium, and an equivalent volume of saline as administered for pilo injection. The first spontaneous electrographic seizure was defined as a discharge with frequency 45 Hz, amplitude 42 Â baseline, and duration 410 s (Goffin et al., 2007) . The number of seizures was counted for 1 month after the first spontaneous seizure. Two months after the first spontaneous seizure was defined as the "chronic phase" of epilepsy (Mazzuferi et al., 2010) , and tissues were obtained for analyses, as defined above, at this time. Animals that did not display SE, died after SE, or did not display spontaneous seizure were excluded.
Histology
For the preparation of sections, rats (8 per group) were anesthetized with 10% chloral hydrate and then perfused with 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS, pH 7.4). Brains were removed and post-fixed in 4% paraformaldehyde overnight, then embedded in paraffin. Coronal sections were cut by a microtome (Leica, Germany) at 5 μm thickness, then dewaxed and rehydrated for Gallyas silver staining to visualize myelinated fibers (Gallyas, 1979) . For immunohistochemistry staining, sections were rinsed with 0.01 M PBS, then placed in sodium citrate solution (pH 6.0) for antigen retrieval, cooled for 10 min after boiling, then washed three times in 0.01 M PBS, and treated with 3% hydrogen peroxide for 15 min to eliminate endogenous peroxidase activity. After rinsing in PBS, sections were incubated in PBS with 10% normal goat serum for 2 h. Sections were then incubated with anti-MBP (1:1000, SMI99, Covance, Emeryville, CA, USA) overnight at 4 1C in a humidified chamber. Thereafter, the sections were rinsed in PBS and exposed to secondary antibody (biotinylated anti-mouse IgG, 1:5000, GAM007, Liankebio, Hangzhou, China) for 2 h at 37 1C.
Next, the sections were washed in PBS and incubated with avidin-biotin peroxidase complex for 1 h at room temperature (cw0120, CWBIO, Beijing, China). Diaminobenzidine (DAB, ZLI-9032, ZSGB; Beijing, China) was used as a chromogen. Immunoreaction progress was monitored under a light microscope, and the reaction was stopped by DAB removal and by PBS washes. Sections were counterstained with hematoxylin for 1 min, dehydrated through graded alcohol solutions, and mounted in resinous medium. All sections were viewed with a light microscope (90i, Nikon, Japan). Negative controls were incubated in PBS instead of primary antibody.
Western blotting
For the detection of MBP expression, rat hippocampi (8 animals per group) were separately collected and stored at −80 1C immediately after dissection from the brain. Membrane protein was extracted with the Membrane and Cytosol Protein Extraction kit (Beyotime, Shanghai, China) according to the manufacturer's specifications. Protein content was determined by the bicinchoninic acid (BCA) assay (PP1001, BioTeke, Beijing, China) using bovine serum albumin (BSA) as a standard. Lysate samples were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in 12% acrylamide gels and electrotransferred to a polyvinylidene difluoride membrane (0.22 μm, Millipore Corp., Billerica, MA, USA). After rinsing in PBS containing 0.1% Tween-20 (PBS-T), membranes were blocked for 1 h in PBS-T and 5% dried milk, then incubated with primary MBP antibody (1:1000, SMI99, Covance, Emeryville, CA, USA) overnight at 4 1C. Membranes were further rinsed with PBS-T, then incubated with a horseradish peroxidase-conjugated secondary antibody (CAM007, Multisciences, Huangzhou, China) for 1 h, followed by development using BeyoECL Plus (Bioteke Corporation, Beijing, China), according to the manufacturer's instructions. Protein bands were visualized by chemiluminescence detection (SynGene GeneGenius, G-Box, Gene Company Limited, Hong Kong). Normalization of results was performed by developing parallel western blots probed with Caveolin-1 antibody (1:1000, SC-894, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Western blot results were analyzed by densitometry using ACDsee pro 2.5 and Image J software.
Transmission electron microscopy and stereological analysis
Rats (seven animals from the pilo group and eight animals from the control group) were anaesthetized with 10% chloral hydrate, i.p., then perfused with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M PBS (pH 7.4) (Qiu et al., 2012) . Next, the cerebrum was separated from the cerebellum, brain stem, and cranial nerves; and the two hemispheres were separated along the cerebral longitudinal fissure, with each embedded in 6% agar. The hemispheres were coronally sectioned into 1 mm-thick slabs from the rostral pole, with a mean number of 15 slabs per hemisphere (range: 14-16) (Zhang et al., 2008) . To calculate the volume of hippocampal formation, a transparent counting grid, with an area of 0.25 mm 2 per grid section, was used to cover the caudal surface of each slab. Sections overlaying the hippocampal formation were counted under an anatomical microscope. The total volume of hippocampal formation, V(HF), was calculated from Cavalier's principle as follows Tang et al., 1997) :
where t is the slab thickness (1 mm), a(p) is the area per point (i.e., 0.25 mm 2 ), and ∑p(HF) is the total number of points overlaying the hippocampal formation per rat.
For stereological analysis, the right or left hemisphere from each animal subject was selected at random. A plastic sheet was placed on the caudal surface of each slab of a sampled hemisphere (Qiu et al., 2012) . Tissue slabs were sampled at places where the plastic sheet was in contact with the hippocampal formation. Five tissue slabs were sampled per hippocampal formation. This sampling technique ensured a random distribution of the hippocampal formation samples, which ensured unbiased representation of all parts of the hippocampal formation.
To illustrate morphological changes of myelin integrity at the ultrastructural level, the Schaffer collateral pathway was sampled by using opposite hemispheres, with tissue slabs of 1 mm 3 sampled under an anatomical microscope, as guided by the stereotaxic atlas for rat brain (Watson and Paxinos 2010) . Tissue blocks for both stereological analysis and morphological analysis were fixed in 4% glutaraldehyde for 2 h at 4 1C, rinsed in 0.1 M PBS (pH 7.2) three times, and then osmicated in 0.1 M phosphate-buffered osmium tetroxide (OsO 4 ) at 4 1C for 2 h. After dehydration in an ascending ethanol series, the blocks were infiltrated first with acetone: resin (1:1) for 3 h at room temperature, followed by absolute resin (Chen Guang Chemical Industry, Sichuan, China) for 2 h at 37 1C. Tissue blocks were then embedded in 5 mm epon spheres, and the spheres were rotated before being reembedded in an oven at 37 1C (16 h), 45 1C (12 h), and 60 1C (14 h). This method, known as isector, ensures that isotropic, uniform, and random (IUR) sections are obtained so that fibers, in three-dimensional space, have an equal probability to be sampled (Nyengaard and Gundersen, 1992 ). An ultramicrotome was used to cut a single 60 nm section from each epon block. Sections were then examined using a transmission electron microscope (TEM, Phillips-TECNA10, Phillips, Ltd., Holland). For each section, 16-20 fields of vision were randomly chosen and photographed at TEM magnifications of 6000 and 20,000.
Transparent counting grids with 900 points were placed on each captured photograph. Points that hit the myelinated fibers and myelin sheaths were counted, respectively (Fig. 1A , Qiu et al., 2012) . The volume densities of the myelinated fibers, Vv(mf/HF), and the myelin sheaths, Vv(ms/HF), in hippocampal formations were estimated as indicated by Eqs. (2) and (3), respectively (Qiu et al., 2012; Tang and Nyengaard, 1997; Tang et al., 1997) .
Vvðms=HFÞ ¼ ∑pðmsÞ=∑pðHFÞ ð 3Þ
For each hippocampus, ∑p(mf) represents the total number of points overlaying myelinated fibers; ∑p(ms) represents the total number of points overlaying myelin sheaths; and ∑p (HF) represents the total number of points overlaying each hippocampal formation. The total volume of myelinated fibers in each hippocampal formation, V(mf, HF), and the total volume of myelin sheaths, V(ms, HF), were estimated as indicated by Eqs. (4) and (5) (Qiu et al., 2012; Tang and Nyengaard, 1997; Tang et al., 1997) .
Vðmf; HFÞ ¼ Vvðmf=HFÞ Â VðHFÞ ð 4Þ
Vðms; HFÞ ¼ Vvðms=HFÞ Â VðHFÞ ð 5Þ
An unbiased counting frame (Qiu et al., 2012) , with an area of 194 μm 2 , was overlaid on captured photographs (290 μm 2 total area per photograph) (Fig. 1B) . Myelinated fibers completely inside the counting frame, as well as those partly inside the counting frame, but only touching the top and right lines were counted. Myelinated fibers touching the bottom line, the left line, and their extension were excluded from counting. The length density of the myelinated fibers in hippocampal formation, Lv(mf/HF), was calculated as indicated by Eq. (6) (Qiu et al., 2012; Tang and Nyengaard, 1997; Tang et al., 1997) .
For this equation, ∑Q(HF) is the total number of the myelinated fiber profiles counted per hippocampal formation, and ∑A is the total area of the counting frames used in examining each hippocampus. The total length of myelinated fibers in each hippocampal formation, L(mf, HF), was estimated as indicated by Eq. (7) (Qiu et al., 2012; Tang and Nyengaard, 1997; Tang et al., 1997) .
Lðmf; HFÞ ¼ Lvðmf=HFÞ Â VðHFÞ ð 7Þ
The diameter of myelinated fibers was estimated by measuring the longest profile diameter perpendicular to the longest axis of each fiber, and axonal diameters were estimated by measuring the longest profile diameter perpendicular to the longest axis for each axon (Fig. 1C , Qiu et al., 2012; Tang and Nyengaard, 1997; Tang et al., 1997) .
A grid of parallel two-dimensional lines overlaid on captured photographs ( Â 20,000) was used for unbiased counting (Fig. 1D , Li et al., 2009 ). The number of intersections between the profile boundary and the test lines, I, was counted. The orthogonal myelin sheath thickness, t, for each myelinated fiber was estimated based on an average of four measurements (Fig. 1E) . Points of intersection were numbered consecutively: the initial position was chosen randomly in the first I/4 interval, the second position was I/4+position 1, the third position was I/4+position 2, and the fourth position was I/4+position 3 (Li et al., 2009 ). The thickness of myelin sheaths, t(mf), was estimated as indicated by tðmfÞ ¼ Averageðt1 þ t2 þ t3 þ t4Þ ð 8Þ
For this equation, t(mf) is the mean thickness of the myelin sheath for each fiber; t1, t2, t3, and t4 are the orthogonal myelin sheath thicknesses measured at the four positions above.
Data collection and statistical analysis
For EEG analysis, only discharges with frequency 45 Hz, amplitude 42 Â baseline, and duration 410 s were classified as spontaneous seizures. For image analysis, at least three consecutive coronal sections from the hippocampal region were examined. Independent-samples t-test values, as indicated by use of SPSS 12.0, were calculated and used to assess significance of difference between groups for hippocampal volume, total volumes of myelinated nerve fibers, total volumes of myelin sheaths, thickness of myelin sheaths, total length of myelinated nerve fibers, mean diameter of myelinated nerve fibers, and mean diameter of axons in hippocampal formations. A significant difference was considered for p-valueso0.05.
